Much effort has been devoted to developing anion selective electrodes of which selectivity deviates from the Hofmeister series. Since the response mechanism of conventional anion selective electrodes relies on ion exchange, i.e., a charge-charge interaction, their selectivities obey the Hofmeister series. [1] [2] [3] Simon and coworkers have reported on chloride and nitrite selective electrodes based on neutral trialkyltin derivatives and lipophilic vitamin B 12 derivatives. 4-7 These electrodes were the first anion selective electrodes of which selectivity sequence did not obey the Hofmeister series. Since then, a number of anion-selective liquid membrane electrodes have been developed by using a variety of hosts; metalloporphyrins [8] [9] [10] [11] [12] [13] [14] [15] [16] , metallocenes 17 , organo-mercury derivatives 18 , diphosphonium dication salts 19, 20 , diquarternary ammonium dication salts 21 , bisthiourea derivatives with multitopic recognition sites based on hydrogen bonding 22, 23 , guanidinium derivative salts with hydrogen bond acceptor sites 24 , lipophilic macrocyclic polyamines with an electrostatic interaction [25] [26] [27] [28] [29] , and cytosine-pendant triamine with a ditopic interaction based on a charge-charge interaction and complementary base pairing. 30 The latter two groups are different from the others because the protonation of the sensory elements at the interface of the membrane is a prerequisite for accommodating the guest anions and yielding their potential responses.
Much effort has been devoted to developing anion selective electrodes of which selectivity deviates from the Hofmeister series. Since the response mechanism of conventional anion selective electrodes relies on ion exchange, i.e., a charge-charge interaction, their selectivities obey the Hofmeister series. [1] [2] [3] Simon and coworkers have reported on chloride and nitrite selective electrodes based on neutral trialkyltin derivatives and lipophilic vitamin B 12 derivatives. [4] [5] [6] [7] These electrodes were the first anion selective electrodes of which selectivity sequence did not obey the Hofmeister series. Since then, a number of anion-selective liquid membrane electrodes have been developed by using a variety of hosts; metalloporphyrins [8] [9] [10] [11] [12] [13] [14] [15] [16] , metallocenes 17 , organo-mercury derivatives 18 , diphosphonium dication salts 19, 20 , diquarternary ammonium dication salts 21 , bisthiourea derivatives with multitopic recognition sites based on hydrogen bonding 22, 23 , guanidinium derivative salts with hydrogen bond acceptor sites 24 , lipophilic macrocyclic polyamines with an electrostatic interaction [25] [26] [27] [28] [29] , and cytosine-pendant triamine with a ditopic interaction based on a charge-charge interaction and complementary base pairing. 30 The latter two groups are different from the others because the protonation of the sensory elements at the interface of the membrane is a prerequisite for accommodating the guest anions and yielding their potential responses.
Sessler and coworkers recently reported that protonated expanded porphyrins recognize anions through a charge-charge interaction and hydrogen bonding formation. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] Sapphyrin, a 22π electron aromatic pentapyrrolic expanded porphyrin which uptakes two protons at most, is a good anion receptor for fluoride, phosphate and phenylphosphate. [31] [32] [33] [34] [35] [36] 40 Rubyrin 31, 34, 37 , a 26π electron aromatic hexapyrrolic macrocycle which uptakes two protons, recognizes chloride and GMP and triphenylrosarin 38 , a fully conjugated 24π electron hexapyrrolic macrocycle which uptakes three protons, also recognizes chloride. Protonated sapphyrin acts as an efficient carrier for the transport of fluoride anion 32 , GMP and AMP 34 in a model three-phase H 2 O-CH 2 Cl 2 -H 2 O bulk liquid membrane system. Sapphyrin modified silica gel was used as the stationary phase for chromatographic separations of a series of aromatic acids, nucleotides, and polydeoxyadenylic acids. 39 Rubyrin also transports GMP and other mononucleotide species at low pH. 34 These expanded porphyrins were, therefore, expected to act as sensory elements for a variety anions upon protonation at the membrane/sample solution interface when incorporated in the liquid membranes.
In this paper, we describe systematic studies of potentiometric responses of expanded porphyrin based electrodes toward benzoates, geometrical isomers, positional isomers, chroloacetates and inorganic anions. It is shown that just as macrocyclic polyamines and cytosine-pendant triamine hosts, the expanded porphyrin incorporated membranes responded to these anions upon protonation at the membrane/sample solution interface. Emphasis was placed on the higher response selectivities observed with expanded porphyrins than those with macrocyclic polyamines and the characteristic selectivity properties which did not obey the Hofmeister series.
Experimental

Materials
The structures of the expanded porphyrins and other sensory elements used in the present study are shown in Fig. 1 37 , and trihydrochloride salt of 4,9,13,18,22,27-hexaethyl-5,8,14,17,23,26-hexamethyl-2,11,20-triphenylrosarin 38 , abbreviated as triphenylrosarin. Monoprotonated form of sapphyrin 1 and free-base form of sapphyrin 2 were obtained from a CH 2 Cl 2 solution of their dihydrochloride salts by washing with water and 0.5 M Na 2 CO 3 , respectively. The conversion to monoprotonated sapphyrin 1 and free base sapphyrin 2 was confirmed by the UV-Vis spectra on the basis of the absorption maxima of diprotonated sapphyrin 1 (λ max =455.5 nm), monoprotonated sapphyrin 1 (λ max =450.5 nm), diprotonated sapphyrin 2 (λ max =456 nm, 623 nm, 675 nm, 687 nm) and free base sapphyrin 2 (λ max =456 nm, 616 nm, 668 nm, 711 nm). Rubyrin and triphenylrosarin were used without conversion to mono-or unprotonated form. 15-Hexadecyl-1,4,7,10,13-pentaazacyclohexadecane (pK a =1.2, 1.7, 7.28, 9.49 and 10.64) 25 , abbreviated as macrocyclic pentaamine was synthesized by the reported procedure 25 and used as a sensory element. Methyltrioctylammonium chloride (Capriquat ® ) (> 82%) from Dojindo Laboratories (Kumamoto, Japan) as a sensory element was used without any treatment for the preparation of membranes for a comparative study. Potassium tetrakis(p-chlorophenyl)borate (KTpClPB), used as a lipophilic anionic site, was purchased from Dojindo Laboratories. Bis(2-ethylhexyl)phthalate (DOP), purchased from Wako Pure Chemical Industries was purified by distillation under reduced pressure, and was used as a membrane solvent. A polymer support, poly(vinyl chloride) (PVC; n≈1100) purchased from Wako Pure Chemical Industries was used without purification. Tetrahydrofuran (THF) was freshly distilled from sodium/benzophenone 100 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 ketyl under an argon atmosphere. All of the guest compounds ( Fig. 1 ) and other reagents used in this study were of analytical reagent grade or of the highest grade from Wako Pure Chemical Industries or Tokyo Kasei Organic Chemicals (Tokyo, Japan) and used without further purification. Tetrabutylammonium 3,5-dinitrobenzoate was prepared by dissolving 3,5-dinitrobenzoic acid in CHCl 3 and washing with a tetrabutylammonium hydroxide aqueous solution. The organic layer was separated off and dried over MgSO 4 Diprotonated sapphyrin trichloroacetate adduct with 1:1 stoichiometry for IR measurements was prepared according to the previous paper. 49 As the amount of the adduct was very small, 1 H NMR and elemental analysis could not be done.
All of the sample and buffer solutions were prepared with deionized and charcoal-treated water (>17.5 MΩ specific resistance) obtained by a Milli-Q Type I reagent grade water system (Millipore Corp., Bedford, MA).
Electrode preparation and EMF measurements
PVC supported liquid membrane electrodes were prepared according to a previously described procedure. 25, 26 The membrane composition was 3 wt% host, 75 wt% DOP and 22 wt% PVC. Membranes containing sapphyrin 1 and KTpClPB were also prepared. The membrane composition was 3 wt% sapphyrin 1, 74 wt% DOP, 22 wt% PVC and 1 wt% KTpClPB (50 mol% of sapphyrin 1).
Emf responses of the expanded porphyrin and Capriquat ® based electrodes to the guest anions were measured in 5.0×10 -2 M trisodium citrate-citric acid at pH 5.0. Emf responses of the macrocyclic pentaamine based electrode were measured in 1.0×10 -4 M KCl unbuffered solutions at pH 5.0, carefully adjusted with dilute NaOH and HCl. The reference electrode was a double-junction type based on a Ag/AgCl electrode (Tokyo Denki Kagaku Keiki (DKK), Tokyo, Japan). The electrode potential was measured at room temperature using a DKK pH-mV meter COM-20R. The electrode cell for the emf measurements was as follows: Ltd. Tokyo, Japan). Selectivity coefficients were evaluated by the matched potential method. 41, 42 In the matched potential method, the potentiometric selectivity coefficient is defined as the ratio of the concentrations of the primary and interfering ions which gives the same potential change under the same condition, i.e., under a fixed concentration of the primary ion as a background. For each series of guests, the selectivity coefficients were determined under the following conditions by the procedure described previously. 26, 27 Series 1 (benzoates and inorganic anions; Table 1 ).
1.0×10
-4 M concentration of 3,5-dinitrobenzoate was used as a background. The values were calculated from the concentration of the interfering ion which induced the same amount of potential change as that induced by increasing the concentration of 3,5-dinitrobenzoate to Table 3 ).
1.0×10 -4 M concentration of phthalate was used as a background. The values were calculated from the concentration of the interfering ion which induced the same amount of potential change as that induced by increasing the concentration of phthalate to 5.0×10 -4 M. Series 3 (hydrogenmaleate, Table 3 ).
1.0×10 -4 M concentration of hydrogenmaleate was used as a background. The values were calculated from the concentration of the interfering ion which induced the same amount of potential change as that induced by increasing the concentration of hydrogenmaleate to 5.0×10 -4 M. Series 4 (chroloacetates, Table 4 ).
1.0×10 -5 M concentration of trichloroacetate was used as a background. The values were calculated from the concentration of the interfering ion which induced the same amount of potential change as that induced by increasing the concentration of trichloroacetate to 5.0×10 -4 M. The response time, t (∆t, ∆E), as defined as the time at which the differential quotient (∆t, ∆E) of the potential-time curve [43] [44] [45] becomes smaller than a prechosen value (∆E < 0.4 mV within ∆t, 1.0 min in the present study), was ranging from 1 min through 5 min. 1 
H NMR measurements
1 H NMR spectra were recorded on a JEOL JMS Alpha 500 Fourier transform NMR spectrometer (500 MHz) (Japan Electron Optical Lab., Tokyo, Japan) at 25.0˚C.
Results and Discussion
Potential-pH curves of the sapphyrin 1 based electrode Figure 2 shows pH titration curves of the sapphyrin 1 based electrode with and without 3,5-dinitrobenzoate in 102 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 the sample solution. In the absence of 3,5-dinitrobenzoate, the membrane potential increased with decreasing pH from 11.0 to 4.0 with a Nernstian slope. This pH-dependent potential increase was explained on the basis of the successive uptake of protons from the aqueous to membrane phase by sapphyrin 1 at the membrane/sample solution interface. A plateau region observed below pH 4.0 is likely to be due to anion interference. 46, 47 In the presence of 3,5-dinitrobenzoate, those curves are the same as those in the absence of the anion at high pH, however, below pH 6.8 the curves negatively deviated, suggesting a decrease in the charge separation by protonated sapphyrin 1-3,5-dinitrobenzoate complex formation at the membrane surface. Potential-pH curves of other expanded porphyrin based electrodes with and without 3,5-dinitrobenzoate in the sample solution are similar, indicating a successive uptake of protons and interaction between protonated expanded porphyrins and 3,5-dinitrobenzoate. However, the pH range where each electrode responded to 3,5-dinitrobenzoate was different from each other. The sapphyrin 2 based electrode responded to 3,5-dinitrobenzoate below pH 7.2, the sapphyrin 1 and KTpClPB based electrodes below pH 9.0, the rubyrin based electrode below pH 8.0 and the triphenylrosarin based electrode below pH 7.0. This difference is probably due to the different degrees of protonation of each expanded porphyrin at the electrode surface. PotentialpH curves of these electrodes indicate that the interaction between expanded porphyrins and 3,5-dinitrobenzoate is of charge-charge, based on the protonation of expanded porphyrins at the membrane/sample solution interface.
Response profile
As shown in Fig. 3 , the responses of the sapphyrin 1 based electrode toward 3,5-dinitrobenzoate upon a concentration change from 1.0×10 -4 M to 1.0×10 -3 M was very fast becoming constant within one minute. The potential drift was negligible: -3.2 mV for 1 h and -0.8 mV for further 4 h. The response times, (t (0.4 mV, 1 min)) by the sapphyrin 1 based electrode toward other benzoates were also short, ranging 1 -5 min. The response times by the other expanded porphyrins based electrodes toward benzoates and the other guest anions examined were also 1 -5 min. The expanded porphyrin based electrodes after each measurement, as a whole, rather quickly reached conditioning potentials, indicating the absence of hysteresis of the electrodes. These results suggest that the response of the expanded porphyrins based electrodes toward guest anions is, in general, determined by the thermodynamically reversible phase boundary equilibria.
The slopes of the response curves toward benzoates and trichloroacetate by the expanded porphyrin based electrodes were super-Nernstian (vide infra). For example, the slopes for 3,5-dinitrobenzoate by the sapphyrin 1 based electrode was -85 mV decade -1 in the concentration range of 1.0×10 -4 to 1.0×10 -3 M. The reason for the observed super-Nernstian slopes is probably due to thermodynamically reversible parallel side reactions occurring simultaneously together with the primary reaction, which has remained unspecified until now in the present system. Figure 4a -4c show the EMF responses of liquid membrane electrodes based on sapphyrin 1, rubyrin and triphenylrosarin toward benzoate derivatives measured in 5.0×10 -2 M trisodium citrate-citric acid buffer at pH 5.0. Since not all guests are completely dissociated at this pH, the potentials were plotted against the concentration of the anions calculated by using their pK a values. As can be seen in the figures, the three electrodes strongly responded to nitrosubstituted benzoates and salicylate except for benzoate. The sapphyrin 2 basedand sapphyrin 1 and KTpClPB based electrodes showed similar responses toward benzoates. The responses by the expanded porphyrin based electrodes to saturated aliphatic carboxylates, such as formate, acetate, oxalate and dihydrogencitrate, however, were very small at pH 5.0. In contrast, the macrocyclic pentaamine based electrode responded with sub-Nernstian slopes to benzoates, as shown in Fig. 4d . The electrode also responded with sub-Nernstian slopes to saturated aliphatic carboxylates. 26 The macrocyclic pentaamine based electrode responded toward inorganic anions more strongly than did the expanded porphyrin based electrode (see Fig. 5a , 5b, vide infra).
Potentiometric responses of the liquid membrane electrodes based on expanded porphyrins and macrocyclic pentaamine toward benzoates
Macrocyclic pentaamine at pH 5.0 accommodates two or three protons in its core, while expanded porphyrins accommodates one or two protons at pH 5.0; also the inner core size of macrocyclic pentaamine, sapphyrin, rubyrin and triphenylrosarin is ~2 Å and 5.5 Å 36 , ~ 6 Å 37 , > 5.5 Å 38 , respectively; this leads to a higher proton proximity of macrocyclic pentaamine and results in a stronger charge-charge interaction than that of the expanded porphyrin. Hence, the stronger responses to benzoates by the expanded porphyrin based electrode than those by the macrocyclic pentaamine based electrode suggest that an additional interaction seems to play an important role for in the potential generation by the expanded porphyrin based electrode toward benzoates. 104 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 
Selectivity for 3,5-dinitrobenzoate
The potentiometric selectivity coefficients (log K pot 3,5-dinitrobenzoate, j ) determined at pH 5.0 for the sapphyrin 1 based-and Capriquat ® based electrodes are listed in Table 1 . The selectivity coefficients for the electrodes based on rubyrin, triphenylrosarin and macrocyclic pentaamine are also listed in Table 1 shows that the selectivity coefficients for the expanded porphyrin based electrodes examined are highly selective for 3,5-dinitrobenzoate and 3,4-dinitrobenzoate over benzoate, compared to those for the macrocyclic pentaamine and Capriquat ® based electrodes. These results indicate that the expanded porphyrins prefer nitro-substituted benzoates.
The enhancement effect by the nitro-moiety on potential generation with the expanded porphyrin based electrodes was also observed for benzenesulfonate and phenylphosphate as shown in Table 2 .
Neutral and protonated NH residues of the expanded prophyrins are hydrogen donor sites. The expanded porphyrins are capable of being a π-electron donor, because sapphyrin and rubyrin are aromatic macrocycles with alkyl chains and triphenylrosarin is a non-aromatic macrocycle but with three benzene rings. The carboxylate moiety of benzoates is a hydrogen bond acceptor site and benzoate is a π-electron acceptor. The nitro-moiety of benzoates is an electron donor group. The π-π interaction and hydrogen bond formation in addition to the charge-charge interaction between the expanded porphyrins and benzoates is a plausible explanation of the high selectivity for nitro-substituted benzoates. 1 H NMR titration measurements of protonated sapphyrin 1 with tetrabutylammonium 3,5-dinitrobenzoate showed that 2,6-phenyl proton signals of 3,5-dinitrobenzoate shifted to a high field according to the increase of the mixing mole ratio of sapphyrin 1. This result suggests that the phenyl portion of 3,5-dinitrobenzoate lies over a portion of the aromatic sapphyrin skelton. The pyrrolic NH proton signals of protonated sapphyrin 1 shifted to a low field according to the increase of the mixing mole ratio of 3,5-dinitrobenzoate, suggesting hydrogen bond formation. These NMR data showed direct evidence for 3,5-dinitrobenzoate binding to protonated sapphyrin 1. However, these NMR data are not sufficient to conclude which interaction is dominant for complex formation because fundamental data, such as X-ray diffraction data of a single crystal of protonated sapphyrin-3,5-dinitrobenzoate complex and formation constants, are not available at present.
Size discrimination by the sapphyrin based electrodes to fluoride
It was reported that protonated sapphyrin discriminates fluoride from chloride and bromide by its size. 33 Its core size of roughly 5.5 Å diameter is nicely suited for the binding of the central moiety about the size of fluoride with strong hydrogen bonding interactions. 36 The potentiometric responses by the sapphyrin 2 based electrode to inorganic monoanions at pH 5.0 are shown in Fig. 5c Fig. 5a . The response order by the sapphyrin 1 based electrode was ClO 4 -> SCN -> NO 3 -> Br -> Cl -. The sapphyrin 2 based electrode responded to 3,5-dinitrobenzoate below pH 7.2, while the sapphyrin 1 did so below pH 6.8 (vide supra). In other words, the degree of protonation at the surface of the sapphyrin 2 based liquid membrane is higher than that of the sapphyrin 1 based electrode; this difference probably led to the difference of significant response and non-response to fluoride by the two electrodes. The sapphyrin 1 and KTpClPB based electrode, which responded to 3,5-dinitrobenzoate below pH 9.0, responded less to perchlorate, bromide and nitrate than did the sapphyrin 1 106 ANALYTICAL SCIENCES FEBRUARY 1998, VOL. 14 based electrode, and did not respond to chloride and bromide, but slightly responded to fluoride with a slope of -7 mV decade -1 from the concentration range of 1.0×10 -3 M to 1.0×10 -2 M (figure not shown). These results indicate that although the response to fluoride is weak, sapphyrin 1 also discriminates fluoride by its size from bromide and chloride at the electrode surface. The response order by the rubyrin and triphenylrosarin based electrodes to inorganic anions was the same as that by the sapphyrin 1 based electrode, though the slopes for each anion were smaller than those by the sapphyrin 1 based electrode (figure not shown).
The response order by the macrocyclic pentaamine based electrode was ClO 4 -> SCN -> NO 3 -> Br -> Cl -, which was the same with that by the sapphyrin 1 based electrode; however the response slopes for nitrate, bromide and chloride were much larger than those by the sapphyrin 1 based and sapphyrin 2 based electrodes (see Fig. 5a -5c ). This is because the charge-charge interaction between macrocyclic pentaamine and inorganic anions is stronger than that between the expanded porphyrins and inorganic anions, as described before.
Discrimination of geometrical and positional isomers of carboxylates by the expanded porphyrin based electrodes
The potentiometric discriminations of cis/trans geometrical (maleate over fumarate) and positional (phthalate over isophthalate and terephthalate) isomers of dicarboxylate by the macrocyclic pentaamine based electrode were observed. 26 A shorter distance between the two carboxylates of maleate and phthalate and proton proximity of the inner core of macrocyclic pentaamine were thought to be responsible for the discrimination among these anionic guests.
The expanded porphyrin based electrodes also discriminated these isomers. Figure 6a shows the responses toward hydrogenmaleate and hydrogenfumarate by the sapphyrin 1 based electrode at pH 3.5. Since fumaric acid exists as a mixture of hydrogenfumarate and fumarate at pH 3.5, potentials were plotted against hydrogenfumarate concentration. The sapphyrin 1 based electrode selectively responded to hydrogenmaleate. The electrodes based on rubyrin, triphenylrosarin and sapphyrin 2 also selectively responded to hydrogenmaleate at pH 3.5 (figure not shown). Figure 6b shows potentiometric response curves by the sapphyrin 2 based electrode to phthalates at pH 6.2. Phthalic acid exists as the mixture of 16% hydrogenphthalate and 84% phthalate at this pH while iso-and terephthalic acids are almost completely dissociated. The responses by the electrodes to phthalate are therefore ascribed to a mixture of hydrogenphthalate and phthalate. Taking this into account, however, the sapphyrin 2 based electrode is still selective to phthalate. The sapphyrin 1 based electrode did not respond to phthalates at pH 6.2. But other expanded porphyrin based electrodes, including the sapphyrin 1 and KTpClPB based electrode, also selectively responded to phthalate (figure not shown). The selectivity coefficients for the expanded porphyrin based electrodes are given in Table 3 .
It is interesting to note that the sapphyrin 1 based electrode responded to 4-nitrophthalate with a slope of -34 mV decade -1 from the concentration range of 10 -3
M to 10 -2 M at pH 6.5, again showing the effect of the nitro-moiety on the potential generation (Fig. 6c) .
Potentiometric responses of the expanded porphyrin based electrodes to trichloroacetate
The liquid membrane electrodes based on sapphyrin 1, rubyrin and triphenylrosarin responded to chloroacetates in 5×10 -2 M trisodium citrate-citric acid buffer at pH 5.0. The selectivity sequences for the three electrodes were the same: trichloroacetate > dichloroacetate > chloroacetate. The slopes for trichloroacetate were super-Nernstian (Fig. 7a -7c ). The macrocyclic pentaamine based electrode responded to chloroacetates with the same selectivity sequence to the expanded porphyrin based electrodes. However the response slopes for three chloroacetates were sub-Nernstian (Fig. 7d) . Trichloroacetate most strongly acts as a hydrogen bond acceptor among three chloroacetates, and has been reported to form an ionic hydrogen bond with several pyridine derivatives. 49 The IR peak based on ν-CO 2 -for sodium trichloroacetate appeared at 1684 cm -1 while the ν-CO 2 -based peak for the 1 : 1 stoichiometric adduct of diprotonated sapphyrin 1 and trichloroacetate appeared at 1679 cm -1 showing hydrogen bond formation. This lower frequency shift well coincides with the reported results. 49 The selectivity coefficients for these electrodes are listed in Table 4 .
The present study revealed that liquid membrane electrodes based on sapphyrin, rubyrin and triphenylrosarin selectively responded to a variety of organic anions with characteristic anion selective properties. The observed responses by these electrodes are thought to arise as the result of electrostatic attractions between the analyte anions and the positively charged expanded porphyrins. A π−π interaction and hydrogen bonding formation between the expanded porphyrins and analytes ions are probably responsible for the observed characteristic potentiometric selectivities for the electrodes.
Although the responses to fluoride were not strong, the sapphyrin based electrode was found to discriminate fluoride from chloride and bromide by its size in addition to a charge-charge interaction and hydrogen bond formation. The potentiometric responses due to size discrimination seems to be a new mode for the liquid membrane anion selective electrodes.
